The EMBO Journal Vol.16 No.2 pp.242-251, 1997

Micromolar and submicromolar Ca?* spikes
regulating distinct cellular functions in pancreatic
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Agonists induce C&* spikes, waves and oscillations
initiating at a trigger zone in exocrine acinar cells via
Ca?* release from intracellular Ca2* stores. Using a
low affinity ratiometric Ca?* indicator dye, benzo-
thiazole coumarin (BTC), we found that high con-
centrations of agonists transiently increased C&
concentrations to the micromolar range 10 uM) in
the trigger zone. Comparison with results obtained with
a high affinity Ca2* indicator dye, fura-2, indicated that
fura-2 was in fact saturated with Ca* during the
agonist-induced C&* spikes in the trigger zone. We
further revealed that the micromolar Ca2* spikes were
necessary for inducing exocytosis of zymogen granules
investigated using capacitance measurements. In con-
trast, submicromolar Ca2* spikes selectively gave rise
to sequential activation of luminal and basal ion chan-
nels. These results suggest new functional diversity in
Ca?* spikes and a critical role for the micromolar
Ca?* spikes in exocytotic secretion from exocrine
acinar cells. Our data also emphasize the value of
investigating the C&* signalling using low affinity
Ca?* indicators.
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intracellular C&" stores which often induces a complex
spatio-temporal pattern of [E4]; increases. The exocrine
acinar cell is an excellent system for investigating the
quantitative relationship between <€a release and
exocytosis, because most agonist-induced 2{Ga
increases are mediated by Caelease from intracellular
C&" stores (Peterseet al, 1994), and they occurred in

a fixed spatial pattern (Kasait al., 1993). It has been
reported that exocytotic secretion of enzyme from exocrine
acinar cells requires micromolar [€3; (Knight and Koh,
1984; Cheret al, 1992; Stecheet al, 1992; Muallem

et al, 1995; Padfield and Panesar, 1995). However, no
C&* imaging study has revealed large increases if{Ga
that can account for exocytosis of zymogen granules in
acinar cells (Kasai and Augustine, 1990; Ttral, 1992;
Toescuet al, 1992; Kasaket al,, 1993; Maruyamaet al.,
1993; Thorret al, 1993; Gerasimenket al,, 1996). There
are two possible reasons for the discrepancy. First, the
zymogen granules might utilize €ain the C&" domains

at the inner mouth of G4 release channels as synaptic
vesicles do for voltage-gated €achannels. Second, there
may be an area of a large [€3; increase in acinar cells
that was not detected in the previous studies because high
affinity Ca* indicators, such as fura-2, that could be
saturated with C& at a high [C&'];, were used.

We therefore performed a €aimaging study using a
low affinity Ca2" indicator dye, benzothiazole coumarin
(BTC) (latridouet al,, 1994) and a sensitive cooled-CCD
camera that allowed us to capture images with a higher
resolution (12 bits) (Messlest al, 1996) than in previous

capacitance measurement/inositol trisphosphate/secretionstudies (8 bits) (Kasai and Augustine, 1990; Toestal.,

Introduction

The final C&*-dependent steps of exocytosis in various

types of cells recently have been shown to exhibit'Ca

affinities in the micromolar range (Neher and Zucker,

1993; Thomaset al, 1993; Heidelbergeet al, 1994;
Muallem et al, 1995; Kasaiet al, 1996). An extreme

case is exocytosis involving synaptic vesicles in which

the K4 for C&" is expected to be 19¢M (Heidelberger

et al, 1994). The synaptic vesicles are co-localized with
voltage-gated G4 channels in the plasma membrane,

and the rate constants for €abinding to putative C&

sensors are large. Therefore, large increases in cytosoli

Ca&" concentration ([C&];) at the inner mouth of a Ca

channel can be detected by the?Casensors before
calciumions bind to C& binding molecules in the cytosol.
The high [C&"]; area formed by a G4 channel is called

a ‘Ca&* domain’ (Chad and Eckert, 1984; Smith and

1992). C&" imaging with BTC revealed that agonists
increased [C&; to levels>10 uM at the apical pole of
the secretory granule area, called a ‘trigger zone’ (Kasai
et al, 1993). The occurrence of these micromolarCa
spikes appears to have a critical functional consequence:
exocytosis in acinar cells requires % increases to
levels >5 uM during the agonist-induced &2 spikes as
well as homogeneous [€F]; increases that were produced
by photolysis of a caged-a compound, nitrophenyl-
EGTA (Ellis-Davies and Kaplan, 1994). Interestingly,
lower concentrations of agonists induce submicromolar
Ca&" spikes which selectively activate €adependent
ion channels, but do not induce the exocytosis. Thus, the
distinct cellular functions are regulated by increases in

C[Ca2+]i that can be measured using a?Camaging

technique and whose physiological dynamic range is larger
(0.1-15uM) than hitherto considered.

Results

Augustine, 1989), which is too small to be visualized by Micromolar Ca?* spikes in pancreatic acinar cells

light microscopic C&" imaging techniques.
Exocytosis is also triggered by €a release from
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We examined the distribution of [€&]; in mouse pan-
creatic acinar cells using the low affinity Candicator
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Fig. 1. C&" imaging of mouse pancreatic acinar cells using BTC or furaA2.and ) Patterns of [C&']; increases induced by gM ACh in two

different cells. Black and white images are fluorescence images of acinar cells loaded with BTC (A) or fura-2 (C). The dark areas in the fluorescence
images correspond to secretory granule areas. Colour images Arén@mes obtained at the time points indicated above the images and by vertical

bars in (B) and (D). The G4 images were constructed froRp, (fura-2) andARg, (BTC) as described in Materials and methods.{Qais

represented in terms of the pseudocolour scale shown in B)Jarfd ©) Average [C&"]; within red and yellow squares in (A) (0 s) and (C) (0 s),
respectively, plotted against time.

dye BTC Kc;=10 uM) (latridou et al, 1994), which was after the €awave spread to the basal area in the fura-2
loaded into the acinar cells via a patch pipette. A highly images (Figure 1C) (Kasai and Augustine, 1990; Toescu
sensitive cooled-CCD camera with a 12 bit resolution et al, 1992). Second, the [€4]; started to dissipate at
(Messleret al, 1996) was utilized to detect changes in the trigger zone within a few seconds after its peak in the
fluorescence of BTC in a range of [€3; between 0.3 BTC images (Figure 1B), whereas it remained high in
and 100pM (Materials and methods). Figure 1A shows this zone in the fura-2 images (Figure 1C). These differ-
the results of one such experiment. The dark areas in the ences can be explained by the factthat foea-2
fluorescence image correspond to secretory granule areasfor C&™ (0.2 uM) is 50 times smaller than that of BTC
Pseudocolour-coded BTC ratio images indicate that acetyl- fé¥ C&0 uM) and thus fura-2 can be saturated with
choline (ACh; 1uM) induced an increase in [€4]; to C&™" at a high [C&'];.

10 uM in the trigger zone and 5.AM in the basal area

(Figure 1B). The peak [Ca]; averaged over 14 cells was  Two-indicator four-wavelength Ca’*

9.89 = 1.96 yM (mean = SD) in the trigger zone and measurements

5.4 = 2.05 uM in the basal area. A large increase in The differences in the spatio-temporal patterng'gf [Ca
[Ca®T]; occurred in acinar cells upon their stimulation measured with BTC and fura-2 might be due to cell to
with cholecystokinin (CCK, 10 nMn = 5) or with caged cell variation or to different effects of the two?Ca
inositol trisphosphate (Y2 100 uM, n = 5, data not indicators on cytosolic buffering in acinar cells. To exclude
shown). A large increase in [€4]; also occurred in the these possibilities, the acinar cells were loaded simul-
cells in which the effects of whole-cell perfusion were taneously with fura-2 and BTC, and two ratios were
minimized by means of a short ‘whole-cell’ episode (5 s) acquired simultaneously for the same cell (see Materials
(Zhou and Neher, 1993) with a patch pipette containing and methods), taking advantage of the fact that the
3 mM BTC, upon their stimulation with ACh (50 nM- excitation wavelengths of fura-2 and BTC differ greatly
1uM, n=9). (Grynkiewiczet al., 1985; latridolet al,, 1994). Consistent

We noted two differences between the?Cdmages with the results obtained using a single indicator, the

obtained using BTC and those obtained using fura-2 standing luminal-basal €a gradient (Figure 2A, 0.68—
(Figure 1C). First, the CGa gradient, with the [C&]; 3.08 s) and its quick dissipation (Figure 2A, 3.08-16.04
peaking in the trigger zone, lasted10 s in the BTC s; Figure 2B) were detected only in the BTC images, and
images, whereas the gradient was obscure or not present not in the fura-2 images (Figure 2A and B). This indicates
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Fig. 2. Four-wavelength G imaging using BTC and fura-2 simultaneouslt) (@and C) C&2" imaging of acinar cells loaded with 2QM fura-2

and 350uM BTC and stimulated with UM ACh (A) and 50 nM ACh (C). Black and white images are fluorescence images of the acinar cells
excited at 380 nm (fura-2) and 480 nm (BTC). Colour images afe @aages obtained at time points indicated above the images and by arrows
and vertical bars in (B) and (D), respectively. The?Ciémages were constructed froRy (fura-2) andAR, (BTC). [C&"]; is represented in terms of
the pseudocolour scale shown in (AR)(Average [C&"]; within red (trigger zone or T zone) and yellow (basal area) squares shown in (A).
Horizontal colour bars denoted by a or b indicate the periods in which differences between BTC and fura-2 images are observed (see text).
(D) Average [C&"]; (fura-2) andAR, (BTC) within red and yellow squares shown in (C).

that fura-2 was saturated during the 2Caspikes and of fura-2 within small areas of high fCk which cannot

confirms the occurrence of micromolar increases in be resolved using the present imaging methods. The small

[C&™];. areas might reflect hot spots in the trigger zone (Thorn
Interestingly, the magnitude of the initial [€3; etal, 1996) and/or C& domains of C&" release channels

increase at the trigger zone estimated using BTC (Figure (Rizgub, 1993). In contrast, the [G4]; in the basal

2A, 0.68 s) tended to be larger than that estimated usingarea estimated using fura-2 was similar to that estimated
fura-2 [Figure 2A, 0.48 and 0.96 s, the period represented using BTC unleds);[@wreased to levels>2 uM

by the yellow bar (a) in Figure 2B] in all nine cells which resulted in saturation of fura-2 (Figure 2A and B),
examined. This difference can be explained by saturation indicating that the two indicators were calibrated correctly.
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Fig. 3. Exocytosis in the acinar cells studied using NP-EGTA and capacitance measurem&)tQapacitance measurements for three different

acinar cells, where inorganic ions in both the pipette and external solutions were replaced with impermeant organic ions. The uppermost traces in
(A—C) are current traces, indicating successful blockade of ion channels. The second and third traces show the membrane capacitance and its time
derivatives, respectively. The lowermost traces show?{G;aestimated from ratiometric measurement using BTC. The peak'[Caalues are

indicated. Pipettes contained 10 mM NP-EGTA, and were loaded with 1 mM,GALbr 5 mM CaC}, (B-C). The [C&"]; was measured using a
cooled-CCD camera in (C). The inset in (C) shows a magnified capacitance trace for the part denoted by the horizontal bar in the capacitance trace.
Vertical bars indicate stepwise decreases in capacitance.

Details of the initial difference at the trigger zone will be Materials and methods). The acinar cells exhibited a slow
reported in a separate paper. An apparent slow increasdancrease in membrane capacitance upon sudden increases
in [Ca2t]; at the trigger zone as detected in fura-2 images it {G4Ca" jumps) to between 5 and 8M (Figure

[the period represented by the blue bar (b) in Figure 2B] 3A). There was an initial lag in the sigmoidally increasing

occurred when the [G4]; estimated using BTC decreased. capacitance (Figure 3A). The mean value of the delay
This is considered to have been due to cross-talk betweerwas 2.3+ 1.0 s (mean+ SD, n = 23). Larger C&"
fura-2 and BTC signals, as predicted, when{Qawas jumps induced a faster capacitance increase in addition to
higher than 2uM (Materials and methods; Figure 7). A the slow one (Figure 3B and C). The slow increase lasted
similar phenomenon was observed in the basal area (Figure as long asitef@nained high (Figure 3B), while the
2B). In contrast, fura-2 images did not exhibit such a slow capacitance sometimes decreased if the{;alecreased
phase in one-indicator measurements (Figure 1C and D), (Figure 3C). In such cases, we often detected stepwise
supporting that the phenomenon was due to cross-talk. decreases in capacitance (Figure 3C, inset), which were

Low concentrations of agonist could induce’Capikes also detected in endocrine cells (Rosenboom and Lindau,

whose amplitudes wer€?2 pM. In the example shown in  1994; Thomast al, 1994), and probably represented the
Figure 2C, fura-2 images revealed submicromolaf'Ca formation of vacuoles (Baker and Knight, 1981; Knoll
waves that originated in the trigger zone and spread etal, 1992; Baclet al, 1993). These features of exocytosis
throughout the basal area (Figure 2C). In contrast, BTC and endocytosis were qualitatively very similar to those
images revealed smaller [€g; increases or even a reported in the case of endocrine cells (Thoneasal.,
slight reduction in [C&']; (Figure 2C and D). The slight 1994; Kasai al, 1996), supporting the view that the
reduction in [C&"]; estimated using BTC must have been changes in capacitance reflect exocytosis and endocytosis
due to cross-talk between fura-2 and BTC signals, as of secretory vesicles in the acinar cells.

was predicted (Materials and methods; Figure 7). This The C&" dependence of fast and slow increases in
confirmed that increases in [€d; never exceeded 2M. capacitance was determined by applying?Cumps of
These patterns of G& spikes were detected in 7 out of various magnitudes in acinar cells (Figure 4A). The slow
13 cells to which 0.1uM ACh was applied. In addition, component of exocytosis was detected atJiGes low
small C&" spikes localized in the trigger zone were as 5uM, while the fast component of exocytosis appeared
detected in 4 out of 11 cells to which 50 nM ACh was atyQaof 8 uM and became larger at higher [C¥.

applied (data not shown) (Kasai al., 1993; Thorret al,, Rates of capacitance increases were quantified and are

1993). Thus, we identified a total of three types of plotted in Figure 4B and C. Thedeaendence of the

Ca&" spikes. slow exocytosis was fitted with a Hill equation with a
dissociation constant of @M and a Hill coefficient of 3

Ca?* dependence of exocytosis (solid curve). On the other hand, the Cadissociation

We next examined G4 and time dependences of constant and Hill coefficient of the fast exocytosis were

exocytosis in the acinar cells by capacitance measurementl5 pM and 4, respectively. The €adependence of the

and use of a method involving photolysis of the caged slow exocytosis is similar to results obtained by measuring

Ca&" compound nitrophenyl EGTA (NP-EGTA). We amylase secretion from permeabilized acinar cells

blocked most of the Ca-activated currents in these (Muallezhal,, 1995), suggesting that the slow exocytosis

experiments to reduce the conductance changes (se&epresents secretion of zymogen granules.
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Fig. 4. C&" and time dependence of exocytosis in acinar cells. Ccm |
(A) Capacitance traces for five different cells, whereqQawas
increased as indicated using NP-EGTB) C&" dependence of the
rate of the slow exocytosis calculated from the slope of the steepest 10
part of the slow exocytosisC) C&" dependence of the rate of fast [C32+]i
exocytosis calculated from the peak values of the time derivatives of 5 __./_::‘::
capacitance traces. Each point in (B) and (C) is the average of 6-15 0 uM basal
measurements. Vertical bars represent SE and horizontal bars SD. |
Solid curves in (B) and (C) are the best fits of the data using a Hill C |
equation. Half-saturation is achieved at 8 andus for slow and fast 100 pA | ACh 50 nM
|
I

T zone

exocytosis, respectively. Hill coefficients are 3 and 4 for slow and fast
exocytosis, respectively. The dashed curve in (B) was drawn according
to Equation 1 in the text.

Micromolar Ca* spikes and exocytosis
We then studied agonist-induced exocytosis using capacit-
ance measurement and Camaging. lon channels were
not blocked in these experiments (Figure 5) in order to
allow examination of the activation of €adependent
ion channels. A high concentratior={ pM) of ACh
increased the [C4]; at the trigger zone to>5 uM, Fig. 5. ACh-induced C&" gradients, exocytosis and chloride currents.
and induced increases in capacitance (Figure 5A). This (A-C) Current and capacitance measurements for three different acinar
conclusion was based on the results of 11 experiments incells. The uppermost traces represent mer_nbrane current recorded at

. " - the reversal potential of Ga-dependent cation current (0 mV), and
which C& -dependent curre_nts and access resistance \Nere}he middle traces membrane capacitance. The lowermost traces show
<300 pA and 4 M), respectively. Therefore, the capacit- [ca2*]; at the trigger zone (T zone, thick line) and basal area (thin
ance changes should not be much affected by the conductdine). The acinar cells were stimulated withuM (A and B) or 50 nM
ance changes (Materials and methods). In fact, little changeOA‘éhnfﬁ)-C'g gsvirréoardeé’:gfot':ﬁepg%';t[ga; 3 ﬁ;m iEA(E)T Aé‘;%vas
in capacitance was detected in acinar cells perfused with ;-4 using BTC (A and B) or fura-2 (C). The data shown in (C)
Ca* buffers (2 mM BAPTA and 0.8 mM Cag) to were taken from the experiment shown in Figure 2C. A vertical
reduce the peak [C&]; to <5 uM (Figure 5B), even dashed line indicates the onset of {C} increases at the trigger zone.
though C&"-dependent currents with larger amplitudes
were recorded (Figure 5B). On the other hand, when the
[Ca2™]; did not reach FuM, little exocytosis was detected
(Figure 5C) o = 7 for 0.1 pM, n = 6 for 50 nM). This o ) ) i
indicates that the agonist-induced exocytosis depends oninitial increase in [C&']; in the trigger zone was detected
[Caz‘*']i’ and that an increase in [é’al to at least 5uM (Kasal and Augustlne, 1990, ThOEItIa'., 1993), |nd|cat|ng
is required, as was the case with the slow component ofthat the chloride current is induced at the area of the

exocytosis induced by photolysis of NP-EGTA. plasma membrane adjacent to the trigger zone. The current
In contrast to the case for exocytosis,2Calependent ~ decayed even though the [€4 at the trigger zone
ionic currents were induced at [€F; <0.2uM. Figure 5C increased, suggesting that the decay was due to inactivation

shows the data obtained during the imaging experimentsof chloride channels. When the €awaves reached
shown in Figure 2C. Membrane potentials were clamped the basal area, the second chloride current appeared,
at the reversal potential of non-selective cation currents suggesting that the channels were distributed in the baso-
to allow selective recording of chloride currents (Kasai lateral area (Kasai and Augustine, 1990). These results
and Augustine, 1990). Chloride currents had two transient indicate that the ion channels and exocytosis were regu-
components as described previously (Kasai and Augustine lated differentially by C&" spikes in a [C&"];-dependent
1990). The first transient current appeared as soon as the manner (Figure 6).
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Fig. 6. Three active phases of the acinar cell. LocafCapikes at the trigger zone induce secretion of iBlo the lumen of an acinus (push phase).
Global submicromolar G4 spikes sequentially activate luminal and basal ion channels, and sequentially induce the push phase and uptake of Cl
from blood (pull phase). A micromolar &4 spike induces exocytosis of the zymogen granules (exocytosis phase). The occurrence of three active
phases is regulated in an agonist concentration-dependent manner.

ARZ,AR4
Here, we have described the first investigation of'Ca -
signalling and exocytosis using a low affinity €dndic- Fura-2(200 uM) + BTC(350 uM) ~
ator, BTC, in pancreatic acinar cells. Our data demonstrate 1
that agonists can evoke distinct Caspikes with widely
differing amplitudes, i.e. micromolar and submicromolar
ones. We will discuss below the characteristics and func-
tional consequences of the multiple types ofCapikes

in acinar cells.

Discussion

Three types of Ca2* spikes in acinar cells
Agonist-induced increases in [€d; to levels >10 pM
were detected using a low affinity €aselective indicator,
BTC, whoseK for C&" was estimated to be ~3M in
bothin vitro (latridou et al,, 1994) andn vivo calibration
experiments (Materials and methods). Moreover, the two- ¢.01 —mq—ﬁ A\ [CaZ*);
indicator four-wavelength Ga imaging results indicated \mm| AL UL IR LN I
that a high affinity C&" indicator, fura-2, was saturated 0 01 !
during the spikes (Figure 2A). Thus, in our imaging Frig. 7. calibration curves for two-indicator four-wavelength®a

study, we consistently demonstrated that-dlependent  measurement using fura-2 and BTC. The dependence of fluorescence
mechanisms are involved in the increase of Zl‘qlato ratiosR, andR, on [C&*]; was predicted and measured directly in

; ; acinar cells using [Ca] calibration solutions. The abscissa represents
levels as high as 1QuM. Results of an earlier study [C22']., and the ordinatdR, — R,-0.178 anthR; — Rr-0.5 on

_SUggeSt9d+the occurrence Er)f m'cromOIarqqa'ncregses logarithmic scale, where 0.178 is the minimal valueRsf and 0.5 is a
in the C& domains of Ca release channels (Rizzuto value close to the minimal value & of 0.55. Solid curves are drawn
et al, 1993). Our findings further indicate that micromolar according to Equation 5 in the text using the parameters measured

ca* spikes that can be imaged directly using 2ta in vivo in the presence of one of the aindicators, assuming that
indicators occur in bulk cytosol. the concentration of fura-2 was 2QM and that of BTC was

. . 350 uM. Filled and open circles represent mean valueARf and
The concentrations of @& measured using BTC ARy, respectively, measured in acinar cells loaded with gBDfura-2

routinely peaked at the trigger zone during the micromolar and 350uM BTC. Vertical bars represent SEM. Dashed curves show

cat spikes (Figures 1 and 2). When we used a high fitting of the actual curve according to Equation 3.

affinity indicator, however, the [G4]; peaked at the

trigger zone only at the onset of the &% increases [C#];. Also, the highest estimates of [€3; in the basal
(Kasaiet al,, 1993) (Figures 1C and 2A). This difference area after the spread of €awaves to the basal area were

is explained by the saturation of the indicator at high obtained from fura-2 images in some studies (Kasai and

O AR,=(F340/F380)-0.178

| IIllIII
[ ]

@ AR4=(F430/F480)-0.5

10 100 yM 10 mM
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Augustine, 1990) but not in others (Kasai al., 1993; et al, 1996; Ninomiyaet al., 1997). The fast exocytosis
Thorn et al, 1993). The results of imaging studies using might represent exocytosis of other types of secretory

fura-2 should be interpreted with caution, because fluores- vesicles, for example those carrying newly synthesized
cence ratios of fura-2 are considerably affected by slight proteins (Arvan and Castle, 1987) or small clear vesicles
spatial heterogeneity iR, Of fura-2, because the estim- which have not been identified in acinar cells.

ated [C&™];, KcBAR/(RyaR), critically depends ofRyax In order to compare the kinetic features of the?Ga
(Grynkiewicz et al., 1985) at [C&"]; higher than 2uM, dependent exocytosis of the zymogen granules in acinar
whereR becomes close t®,,. In contrast, the [C&]; cells and the synaptic vesicles in neurones, the release
estimated using BTC is more reliable at high C, rates and delays were fitted with a model used to explain
becauseR is not close to theR,.x of the indicator if exocytosis of the synaptic vesicles (Heidelbergeral,

[C&*]; is lower than 2QuM. 1994):

We have thus demonstrated that the micromola#™Ca
spikes are induced with physiological concentrations of
ACh or CCK, and are always spatio-temporally organized -
in such a manner that the €aspikes which initiate and Vo Vi V2 V3 va - F (D
peak at the trigger zone are transient and never exceed T 2<_cl 3‘22| 4:3|
15 uM (Figure 1A). Since IR receptors are ubiquitous in
animal cells, similar micromolar Ga gradients may occur wheh0-V4 represent vesicles whose Tabinding sites
in other cells. We therefore expect our findings to prompt are occupied by 0—4 Ca ionk, is a fused vesiclek is
investigation of C&" homeostasis using low affinity €a the rate constant of €a binding, C the concentration of
indicators in efforts to understand the physiology and C&*, | the rate constant of €& dissociation anda the
pathology of cells. rate constant of fusion. The parametaccounts for the

Importantly, low concentrations of agonists could trigger cooperativity of the C& binding (Heidelbergeret al,,
smaller C&" spikes whose amplitudes do not greatly 1994), and is given the value 0.2 to account for the large
exceed 2uM. This was confirmed by the results of the Hill coefficient of the Ca* dependence (Figure 4Ba
two-indicator four-wavelength imaging (Figure 2C). The waf.1/s, because the slow exocytosis lastetiO s
submicromolar C& spikes originated at the trigger zone, (Figure 3B), if the [C&']; increase was maintained.
and spread throughout the cell, as in the case of the Therefore, the delay in exocytosis (2.3 $™ht [Ca
micromolar C8* spikes. Therefore, global €a spikes <10 pM) is attributed chiefly to a smak, and the C&"

(Thorn et al, 1993) can be either submicromolar or dependence of the release rates (Figure 4) depends both
micromolar, depending on the agonist concentration. This onk andl. A satisfactory fit of these data can be obtained

is, to our knowledge, the first report of two types o’Ca by settingk equal to X 10°/s/M andl equal to 6/s (dashed

waves having widely different amplitudes in the same curve in Figure 4B).

cell. Since we also detected local Laspikes, restricted These results indicate that the slow exocytosis in the

to the trigger zone, at low agonist concentrations (Kasai acinar cells can be accounted for lay and k being

et al, 1993; Thornet al, 1993), altogether three types of >100 times smaller than those for the nerve terminal
C&" spikes have been identified by €aimaging in the (Heidelbergeret al, 1994). The smallea means that the

4kC 3kC 2kC kC

— — — a

acinar cells. The existence of multiple types ofCapikes [C&T]; increases must persist for longer than a few
is consistent with the incremental detection mechanisms of seconds in order to induce secretion. The sm&landa
IPsinduced C&" release reported for acinar cells suggest that the exocytosis of zymogen granules is little

(Muallemet al,, 1989) and other preparations (Meyer and affected by C&" in the C&* domain, but is regulated by
Stryer, 1990). The extent of spreading of’?Cavaves and CH in bulk cytosol. Consistent with this hypothesis,
their amplitudes may be determined by a quantitative ACh triggered exocytosis only when a €aindicator
balance between the Jlependent C4 release and Ca detected [C#"]; increases to levels>5 uM (Figure 5),
pumping (van de Pugt al, 1994). A precise molecular and the agonist-induced micromolar Caspikes lasted
and theoretical understanding of the diversity in?Ca  more than a few seconds. It is possible that exocytosis

spikes and waves remains to be gained. takes place mostly at the area of the plasma membrane

adjacent to the trigger zone, because the largest increases
Ca?* dependence of exocytosis and electrolyte in [Ca2™]; were detected there. It can then be speculated
secretion that disruption of the normal micromolar €agradients
Experiments involving both capacitance measurementstriggers aberrant exocytosis, and results in acute pancreat-
and photolysis of a caged-&acompound revealed the itis (Waed al., 1995).

occurrence of two components of exocytosis in exocrine  In contrast, during the submicromolar Laspikes,
acinar cells (Figures 3 and 4). We believe that slow 2?'Gdependent ion channels were activated without
exocytosis represents exocytosis of the zymogen granulesgxocytosis (Figure 5C). In such a case, sequential activ-
because its G4 dependence correlates well with existing ation of thecdnnels was detected, as reported pre-
data on the secretion of amylase from permeabilized viously, suggesting the existence of a push—pull mechanism
pancreatic acinar cells (Knight and Koh, 1984; Ceeal.,, of fluid secretion (Kasai and Augustine, 1990). Thus, the
1992; Stecheet al,, 1992; Muallemet al,, 1995; Padfield C&a™ spikes can induce exocytosis and electrolyte secretion
and Panesar, 1995). This is also consistent with results of separately in?g;{@zpendent manner, as shown in
a study on PC12 cells, in which the exocytosis of large Figure 6. According to this model, the three types of Ca
dense core vesicles was slower and showed a higher spikes trigger distinct cellular activities: the 46cal Ca
affinity for C&* than that of small clear vesicles (Kasai spikes at the trigger zone cause secretion ofifb the
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lumen (push phase), the global submicromolatGamikes
induce uptake of Clinto the acinar cell (pull phase) and
the micromolar C&" spikes trigger exocytosis (exocytosis
phase). During the push phase,” Qurrents decayed,
although the [C&']; was increasing at any part of the cell
(Figure 2C). A similar decay in Ca-dependent Cl
currents was reported to occurXenopuocytes (Parker
and Yao, 1994). On the other hand, the @irrents during
the pull phase were sustained so long as the?{fa

remained high (Figure 5A—C). Our data suggest, therefore,

that two types of Clchannels with distinctive distributions
and regulation mechanisms are involved in electrolyte
secretion from exocrine acinar cells.

In summary, our findings provide a new concrete
example of C4" release from intracellular stores regulat-
ing distinct cellular functions in an agonist concentration-
dependent manner. In particular, we have found that
exocytosis and electrolyte secretion are regulated By Ca
spikes with a wider dynamic range in their amplitudes
than hitherto considered, i.e. micromolar and submicro-
molar C&" spikes, respectively. These findings emphasize
the value of using low affinity G4 indicators in elucidat-
ing the functional roles of C4 signalling in living cells.

Materials and methods

Recording solutions
Pancreatic acinar cells from 5- to 7-week-old mice were dissociated

from pancreas by an enzymatic treatment as described (Maruyama,

1988). The dissociated cells were dispersed in a small chamber for

Micromolar and submicromolar Ca2* spikes

beneath the objective lens, and fluorescent light emitted from the cells
was captured using a cooled-CCD camera system (T.l.L.L. Photonics)
(Messleret al, 1996) fixed at the side port of the IMT-2. During two-
wavelength imaging, two images were captured successively at 430 and
480 nm for BTC, and at 340 and 380 nm for fura-2. The duration of
image acquisition was 0.1 s, and the pairs of images were acquired
every 0.24 s. During four-wavelength imaging, images were successively
acquired for 0.1 s at 340, 380, 430 and 480 nm, and the same acquisition
sequence was repeated every 0.48 or 2 s. Ratios of fluorescence
intensities in two images were calculated after subtracting the background
fluorescence. [Cd]; was estimated from these ratios using the method
described below, and represented by pseudocolour coding where 0.1,
0.3, 1, 3 and 1QuM were expressed as blue, sky blue, green, yellow
and red, respectively (Figures 1 and 2).

One-indicator two-wavelength ratiometric Ca?* imaging
Ratiometric estimation of [G4]; using either fura-2 or BTC was
performed using the method developed by Grynkiewatal. (1985).
Using their notation, fluorescence of an indicator (B, at four
excitation wavelengths); (340, 380, 430 and 480 nm fagr 0-3,
respectively), is given by

Fpj = Sb;j Cfp + Shy; Chp 2)

where St and Sk represent the fluorescence of free and Ghound
indicators, respectively, an@fy and Chp represent the concentrations
of free and C&"-bound indicators, respectively. The fluorescence ratio
Rpj = Fp(-2)/Fp(-1) for j = 2 or 4 is expressed as a monotonic function
of C&" concentration, [Ca], as,

) [Ca]
Rminp; + RmaXxpj ————
B KpBpj
Rpj = 3
[Ca]
1+ ——
KpBpj

electrophysiological recording in a recording solution (Sol A) containing - whereRyinpj = Sb-2)/Sb-1) Rmaxpj = Stb-2y/Stb-1), Boj = Sbg-1y

140 mM NacCl, 5 mM KCl, 2 mM CaGl 1 mM MgCl, 10 mM Na- Shy-1y andKp, represents the dissociation constant of the indicator for
HEPES (Dojin, Kumamoto) and 10 mM glucose at pH 7.4 and 310 mOsm. Cg . Calibration experiments for fura-2 and BTC were carried out in
ACh (Wako, Osaka) and CCK (Peptide Institute, Osaka) were dissolved acinar cellsin vivo (Almers and Neher, 1985), and six constants were
in Sol A and applied to acinar cells via a glass pipette? ‘Gadicators obtained:Ryina2 = 0.17, Rpaxa2 = 2.5 andKaBa, = 0.87 for fura-2,
were dissolved in a solution (basic internal solution) containing 120 MM andRyngs = 0.514,Ryaxga = 2.0 andKgfgs = 112 for BTC i = 5—

Cs glutamate, 5 mM CsCl, 50 mM Cs-HEPES, 1 mM ATP, 0.2 mM  12). Four [Ca] calibration solutions were prepared from the basic internal

GTP and 2 mM MgG at pH 7.2, and indicator-containing solution was
loaded into cells using the patch—clamp method. We used BTC and/or
fura-2 (Molecular Probes, Eugene) agCindicators. The concentrations

of the indicators were 20QM in single-indicator measurements, and
200 and 350uM for fura-2 and BTC, respectively, in two-indicator
measurements. Cageds!iPb-myoinositol 1,4,5-trisphosphate,*$-1-
(2-nitrophenyl)-ethyl ester, Calbiochem, San Diego] was added to the
basic internal solution. As a caged®acompound, we used 10 mM
NP-EGTA (Molecular Probes) added with 5 mM CaCln order to
reduce C&™-induced ion currents during photolysis of NP-EGTA, we
used an internal solution containing 105 mNtmethyl-p-glucamine
(NMDG, Wako) glutamate, 50 mM NMDG-HEPES, 1 mM ATP and
0.2 mM GTP at pH 7.2. In addition, the solution surrounding a cell was
perfused locally using a glass pipet € 10 pm) with an external
solution containing 140 mM NMDG-glutamate, 10 mM NMDG-HEPES
and 10 mM glucose at pH 7.4. Photolysis routinely induced increases
in [Ca"]; to >10 uM. Smaller [C&"]; increases were produced by
loading NP-EGTA with lower concentrations of CaCle. 2.5, 2, 1 or

0.5 mM. If necessary, the pH of the solutions was readjusted using HCI.
Osmolarities of the external and internal solutions were estimated to be
~310 mM after addition of all chemicals (Semi-Micro Osmometer,
Knauer, Berlin, Germany). We carried out all methods under yellow
light illumination (FL40S-Y-F, National, Tokyo, Japan) at room tempera-
ture, 22-25°C.

Ca’* imaging setup

A recording chamber was placed on an inverted microscope (IMT-2,
Olympus, Tokyo) and observed through an objective lens (DApg 40
UV/340 oil, Olympus). Measurement of [€F; was performed using
the C&" indicators BTC and/or fura-2. Monochromatic beams of light
with a wavelength of 340, 380, 430 or 480 nm were isolated from light
emitted by a xenon lamp using a monochromator (T.l.L.L. Photonics,
Munich), and fed into one port of a light guide (IMT-2-RFA caged,
Olympus). The light was reflected by a dichroic mirror, DM500, placed

solution by adjusting its [Ca] to either @M, 0.15uM, 10 uM or 10 mM
using C&" buffers and CaGl For the OuM and 10 mM [Ca] calibration
solutions, we simply added 10 mM EGTA and 10 mM Ca@spectively,

to the internal solution. To prepare the 0.15 anduM [Ca] calibration
solutions, we used 1,2-bis(2-aminophenoxy)ethié;N ,N'-tetracetic
acid (BAPTA, Molecular Probes) and 2-aminophefbN,Otriacetic
acid (APTRA, Molecular Probes), respectively, ag Chuffers. We first
added 20 mM BAPTA or 20 mM APTRA plus 8 mM CagLlto the
internal solution, and titrated [Ca] of the solution to 0.15 anduh0,
respectively, with CaGlusing a mini C&" electrode, which was made
of polyethylene tubing = 1.5 mm), and a C& ionophore, ETH 129
(Fluka, Switzerland) (Baudett al,, 1994). The [Ca] calibration solutions
were whole-cell dialysed into the cells in the presence of &"Ca
indicator, and fluorescence ratios were obtained after equilibration to give
Rmindj» Rmaxpj@ndKpfj. Our estimations were based on measurements in
>5 cells.

Using C&" images obtained using fura-2, distributionsRy, were
first calculated, and [Ca] was estimatedﬁ?Az(RAz—RminAz)/(RmaxAz—
Ra2) (Grynkiewicz et al, 1985). Using C&" images obtained using
BTC, the distribution ofRing4 in individual cells was first estimated
by averaging several frames of resting distributioiRgf. This procedure
was used to compensate for small heterogeneiti;ipgs (SD <0.01)
within a cell, and to reduce noise levels particularly atJQalower
than 1puM. Distributions of ARg4 were then calculated by subtracting
the distribution ofR,ing4 from that of Rg4. Using ARg4, [Ca] could be
obtained asKg4Br4ARs4/(RmaxeaM[Rmina—ARg4), where MRyingd
represents the spatial averageRyfingas-

Two-indicator four-wavelength ratiometric Ca?* imaging

As an extension of the above Equations 2 and 3 to the case in which
two indicators are used simultaneously, the fluorescence of the indicators
is given by
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assuming a linear summation of the fluorescence of the two indicators.
The ratioR; = Fj_»/Fj_; for j = 2 and 4 is expressed as

R -
1+[Ca)/
Rminy + RmMaxy; [Cal + [Bly _Ka (Rmingj + Rmaxg; [Cal )
B "KaBy  [A] 14[Cal Kooy
Ks
[Ca] [Bly; 1+[Ca]/Ka [Ca]
KaBaj [A] 1+[CalKg KgBg;

®)

wherey; = Sf(_1y/Sh-1), and [A] and [B] are concentrations of fura-2
and BTC, respectivelyK, and Kg were estimated as 0.2 and 0/,
respectively, which are close to the values reported elsewhere
(Grynkiewicz et al, 1985; latridouet al, 1994). Using whole-cell
dialysis of [Ca] calibration solutions into the acinar cells and by
calculating the ratios, we estimaté®,inas = 15.3, Rnaxas = 2.7,
KABA4 = 0-161Rmin82 = 0.18,Rmax52: 0.124 and(BBBz =3 (n = 5—

9). Thein vivo values ofy, were estimated as 0.263 and 131.6 ygr
andyy, respectively, in the presence of 2081 fura-2, 350uM BTC

and 10 mM EGTA, according to the relationship=[A](R—Rminaj)/
[BI(Rmingj~R}), which is derived from Equation 5. The smaj and
largey, indicate that the amount of cross-talk between the two indicators
is relatively small. On the basis of these values and Equation 5, the
[Ca*]; dependences oR, and R, were predicted as smooth curves,
shown in Figure 7. The predicted curves were confirmed by direct
measurement dR, andR, in the presence of two indicators loaded into
acinar cells at five different [G4];, 0, 0.15, 3, 10, 185M and 10 mM,

as plotted in Figure 7 (circles). The|BM Ca?*-buffered solution was
prepared using 20 mM BAPTA, and its €aconcentration was verified
using the mini C&" electrode.

The calibration curves can be approximated by the equaRpr;
(Rminj+ Rmax{Cal/Kj)/(1+[Ca]/K;) for j = 2 and 4, wheréRy,> = 0.185,
Rmaxz= 0.85,K; = 0.3,Ryjing = 0.545,Rpaxa= 2.35 andK, = 150puM
(dashed curves in Figure 7). HowevBg and R, are not monotonically
increasing functions of [Ca] between M and 10 mM for R, and
between 0 and 2M for R, where a decrease iR, and R, is detected

repeated in the presence of NP-EGTA (Zucker, 1992). We prepared a

total of six calibration solutions that contained the basic internal solution
plus 10 mM of either the caged or photolysed form of NP-EGTA. [Ca]
of the calibration solutions was adjusted to eithepi, 20 pM or

10 mM with C&" buffers and CaG| and confirmed using the mini
C&" electrode as described aboVRaxga and Ryings Were 2.45 and
0.55, respectively for both caged and uncaged NP-EGTA. Values of
KgBgs Were 100 and 12QuM for caged and uncaged NP-EGTA,
respectively. The values for photolysed caged“Caompounds were
used to estimate the peak values of {Ta since most of the caged-
C&" compounds were photolysed in our experiments (see below). Thus,
[Ca®"]; was estimated a&gBgsARss/(RmaxsaRas). The error in the
estimates of [C&']; during re-equilibration of caged &a compounds
after photolysis was considered to k&.6%.

Capacitance measurements

Capacitance measurements were carried out using a patch—clamp ampli-
fier, AxoPatch 1D (Axon Instrument, Foster City) (Kasdial, 1996).
When C&* images were acquired, the time of image acquisition was
monitored by recording the readout signal of the CCD camera during
the capacitance measurement. The membrane potential of the cells was
maintained at either 0 or —27 mV (these values were corrected for liquid
junction potential), at which current—voltage relationships were almost
linear and to which 1 kHzp = 6283 radian/s) sine waves with a peak—
peak amplitude of 50 mV were applied. Our experiments were performed
using a total of 84 cells, where the initial membrane capacitance ranged
between 8 and 14 pF (mean 11.5,n = 84). Changes in capacitance
were calculated from 10 cycles of sine waves and stored at 44 Hz. The
phase-offset was corrected several seconds before applicatior?df Ca
jumps or agonists using the phase-tracking method (Fidler and Fernandez,
1989). For those experiments where ion currents were not blo&i@d,

of 10 nS (200 pA current at —20 mV) resulted in errorti?3 fF [C(AG/

Gaf ] (Maruyamaet al, 1993) whenC was 10 pF, access resistance
(Ga) was<5 MQ and the phase offset was assumed to be corrected
accurately. The inaccuracy in the correction of phase off8gtwas
estimated to be<0.05 radian using a capacitance calibration command
generated by DC-1 option (Axon InstrumentP £ EGgo(AC)/
WECeo(AC)] (Maruyamaet al,, 1993). The inaccuracy in the correction

of phase offset resulted ir<83 fF error PAG/w) at AG of 10 nS
(Maruyamaet al,, 1993). Thus, overall error in the estimate/&f due

(Figure 7, solid curves). The decreases are due to the small amount of;y AG'is <106 fF, which cannot account for the larger changeA@

cross-talk between the two indicators, and were also seen in actual
experimentsR, decreased even when [€3; increased, as shown in
Figure 2D, andR, increased when [G4d]; decreased (Figure 2A).
Therefore, [Ca] could not be determined uniquely frRmandR, in the

respective ranges of [Ca]. Outside the ranges mentioned above, however

R, andR, predicted [Ca] with<20% error (Figure 7, dashed and solid
curves). Therefore, Ga images were obtained from distributions Rf
andAR, as was the case in the two-wavelengtif Ceneasurement, and
[Ca] was estimated fronKo(Ro—Rmin2)/(RmaxzR2) and KsAR4/ (Rinaxa—
m[Rmind—ARy), respectively, in these ranges. In order to facilitate
comparison betweeR, andAR, images (Figure 2A)Ryax2Was adjusted
slightly in each cell when necessary so that [Ca] during the recovery
phase of agonist-induced €atransients was estimated similarly using
both R, and AR,. This correction only slightly affected<(10%) the
estimate of [Ca] lower than M.

Photolysis of a caged-Ca?* compound

Photolysis of a caged compound, NP-EGTA, was achieved as described

(Kasaiet al,, 1996; Ninomiyaet al., 1996). In brief, we used a mercury
lamp (IMT-2-RFC, Olympus) as an actinic light source. The light from
the mercury lamp was filtered through a 360 nm band-pass filter, and
fed into one port of the light guide (IMT-2-RFA caged, Olympus).
Incorporating a dichroic mirror, DM400, the light guide can accommodate
two light sources, one for the actinic light and the other for excitation
of a C&" indicator. Irradiation with the actinic light was gated through
an electric shutter (Copal, Tokyo). The duration of the opening of the
shutter was set at 33 ms, which was sufficient for full activation of the
caged compounds within the cells. The speed of the photolysis was not
expected to affect the time course of exocytosis, which was slow in the
case of the acinar cells.

In most studies in which a caged-&acompound was used, [€5];
was estimated by microfluorimetric measurement using a photomultiplier

actually detected>*500 fF, Figure 5A).
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